The ompA gene, encoding the 42-kDa major antigenic outer membrane protein OmpA of Riemerella anatipestifer, the etiololgical agent of septicemia anserum exsudativa, was cloned and expressed in Escherichia coli. Recombinant OmpA displayed a molecular mass similar to that predicted from the nucleotide sequence of the ompA gene but lower than that observed in total cell lysates of R. anatipestifer. The ompA gene showed a conserved C-terminal region comprising the OmpA-like domain and a variable N-terminal region. This structure is similar to those of the analogous outer membrane proteins of several gram-negative bacteria. However, OmpA of R. anatipestifer contains six EF-hand calcium-binding domains and two PEST regions, which distinguish it from other outer membrane proteins. The occurrence of these motifs in OmpA suggests a possible role in virulence for this protein. The ompA gene is present in the R. anatipestifer type strain and in all serotype reference strains. However, it exhibits some minor genetic heterogeneity among different serotypes, which seems not to affect the strong antigenic characteristics of the protein. OmpA is a conserved and strong antigenic determinant of R. anatipestifer and hence is suggested to be a valuable protein for the serodetection of R. anatipestifer infections, independent of their serotype.
Riemerella anatipestifer is a gram-negative, nonmotile, nonspore-forming, rod-shaped bacterium (37) . It belongs to the family Flavobacteriaceae in rRNA superfamily V, based on 16S rRNA gene sequence analyses (40) . It is the etiological agent of septicemia anserum exsudativa, an enzootic, contagious, often primary septicemic disease of domesticated ducklings (2, 21) . The disease causes a serious problem in the duck industry and has a worldwide distribution (18) . Endemic infections are restricted to commercial duck and turkey flocks, but other poultry species such as chicken and geese are also susceptible to the infection. In Singapore and other countries of southeast Asia, R. anatipestifer infection has been a continued problem in the intensive production of meat ducks since 1982 (41) . Mortality and morbidity rates are usually between 10 and 30% but mortality of as high as 75% has been recorded in infected duck farms.
Slide and tube agglutination tests with antisera differentiate 21 serotypes of R. anatipestifer (23, 28) . Serotypes 1, 2, 3, 5, and 15 are most prevalent in outbreaks of septicemia anserum exsudativa (6, 20, 28, 35, 41) . The occurrence of more than one R. anatipestifer serotype in infected ducks at any one time and changes in serotypes from year to year within a single farm have been observed (41) . Strong variations of virulence as assessed by mortality and morbidity rates in outbreaks have been reported for the different serotypes of R. anatipestifer. In addition, differences in virulence were also observed within a given serotype (8) . However, the molecular bases for these differences are unknown, since no virulence factors of R. anatipestifer have been yet found. Thus far, fibrinolytic enzymes, hemolysins, and a lipopolysaccharide have been postulated for R. anatipestifer (5, 8) , but the presence of these factors has not yet been established. In addition, very little knowledge about the immunogenic factors of R. anatipestifer exists. Vaccines based on inactivated bacteria were shown to confer some protection against infection with homologous strains or serotypes, but only very poor protection was observed when heterologous strains were used for challenge (34) .
Knowledge of the predominant immunogenic components of an infectious agent is essential for the analysis of the molecular mechanisms of virulence, the study of the route of infection, the serological diagnosis of the disease, and the development of strategies for efficient immune protection and eradication of the disease. Outer membrane proteins of pathogenic bacteria are generally very immunogenic (10, 11, 17) . They play an important role in virulence of and immunity to bacterial diseases (43) . In this study, we report the cloning and analysis of an immunogenic 42-kDa outer membrane protein, OmpA, of R. anatipestifer which seems to be a predominant, specific antigen of the species R. anatipestifer.
MATERIALS AND METHODS
Bacterial strains, cloning vectors, and growth conditions. The type strain, serotype reference strains (23) , and field isolate of R. anatipestifer used in this study are listed in Table 1 ) gal (DE3 T7pol)] (Stratagene). Plasmid vectors used for cloning and expression were pBluescript II (SKϪ) (Stratagene) and pBK-CMV (Stratagene). For expression of polyhistidine-tailed proteins, we used plasmid pETHIS-1, which is a ColE1-derived high-copy-number expression vector containing the bla gene (ampicillin resistance) for selection and a specific promoter sequence for the T7 polymerase-dependent expression of cloned genes. It allows the expression of fusion proteins with an N-terminal histidine hexamer and/or a C-terminal histidine decamer (35a) (GenBank/EMBL accession number AF012911). The E. coli strains were grown in Luria-Bertani broth medium. For selection of transformants and maintaining of plasmids, the me-dium was supplemented with 100 g of ampicillin per ml for pBluescript II (SKϪ) and pETHIS-1 or with 50 g of kanamycin per ml for cloning vector pBK-CMV. Induction of cloned genes on expression vector pETHIS-1 in strain BL21(DE3) was done by the addition of 0.3 mM (final concentration) isopropyl-␤-D-thiogalactopyranoside (IPTG) at mid-exponential growth phase and incubation of the cultures for a further 3 h.
Construction and screening of genomic libraries. Genomic DNA was extracted by the rapid guanidium thiocyanate method (29) . R. anatipestifer serotype 15 strain CVL110/89 was used as the host for establishing the phage library. This strain was responsible for a severe outbreak with 25% mortality in duck farms in Singapore. The gene library was made by cloning selected fragments of 1.5 to 4 kb of partially Sau3A-digested genomic DNA (3) into BamHI-digested and dephosphorylated bacteriophage ZAP Express vector (Stratagene) and packaged with Gigapack II Gold Packaging Extract (Stratagene). The gene library was plated by standard protocols using the E. coli strain XL1-Blue MRFЈ. Screening of the library was performed with serum obtained from a duck experimentally infected with a R. anatipestifer serotype 15 field isolate. In vivo excisions of selected clones on plasmid vector pBK-CMV from the phage plaques were made by selection from kanamycin-resistant colonies after infection with the helper phage M13 according to the supplier's protocol. Plasmid pBluescript II (SKϪ) was used for establishing a library of HindIII fragments of genomic DNA from R. anatipestifer serotype 15 strain 110/89. Ligation products were transformed into XL1-Blue cells by the calcium chloride procedure (33) .
For screening of recombinant E. coli clones, colonies were transferred from the plates with solid medium to nitrocellulose filters (Schleicher & Schuell, Dassel, Germany). The recombinants were lysed in situ, and DNA was crosslinked to the membrane by baking at 80°C for 2 h. The filters were then preincubated with hybridization buffer (5ϫ SSC [1ϫ SSC is 150 mM NaCl plus 15 mM trisodium citrate, pH 7.7], 0.1% N-laurylsarcosine, 0.02% sodium dodecyl sulfate [SDS], and 1% blocking reagent [Boehringer Mannheim]) at 68°C for 2 h and then hybridized with hybridization buffer containing 1 g of digoxigenin-labeled ompA gene probe for 18 h at 68°C. The membrane was washed twice for 15 min with 0.2ϫ SSC containing 0.1% SDS at 68°C. Digoxigenin-labeled DNA probes were detected using phosphatase-labeled antidigoxigenin antibodies (Boehringer Mannheim) according to the producer's instructions.
PCR and production of labeled probes. The oligonucleotide primers used in this study and their annealing temperatures are listed in Table 2) , and 1 min at 72°C. When DNA fragments were produced by PCR for subsequent cloning and expression or for DNA sequence analysis, the elongation steps were increased to 2 min at 72°C and 2.5 U of Taq-Pwo polymerase mix (Boehringer Mannheim) was used instead of Taq polymerase. In addition, an extension step of 7 min at 72°C was added at the end of the last cycle in order to ensure full-length synthesis of the different fragments.
Digoxigenin-labeled DNA probes were made by supplementing the PCR mixture with a final concentration of 50 M digoxigenin-11-dUTP (Boehringer Mannheim).
DNA sequence analysis. DNA sequence analysis was done using an AmpliTaq FS dye terminator kit (Perkin-Elmer Cetus) with reaction mixtures containing approximately 500 ng of plasmid DNA and 5 pmol of oligonucleotide primer. The ends of cloned DNA fragments in vectors pBK-CMV, pETHIS-1, and pBluescript II (SKϪ) were sequenced with primers T3B-S, T7, and PETHIS1-3Ј (Table 2) , matching the sequences flanking the vectors' multiple cloning sites. The complete nucleotide sequences of cloned fragments were determined by primer walking. Sequences were assembled and edited by using the Sequencher 3.0 program (GeneCodes, Ann Arbor, Mich.) to obtain contiguous sequences. Comparison of the nucleotide sequences in search of related sequences was performed using the National Center for Biotechnology Information BLASTN and BLASTX programs (1) . The DNA and amino acid sequences were analyzed using the PCGENE programs PROSITE (4) and PSORT (26) and the Genetics Computer Group programs.
Purification of polyhistidine-tailed fusion proteins. Polyhistidine-tailed OmpA fusion proteins were expressed by IPTG induction of E. coli host strain BL21(DE3) harboring the corresponding plasmids with the ompA fusion constructs. Following induction, the cells were harvested, washed in TES buffer (10 mM Tris, 1 mM EDTA, 0.8% NaCl, pH 8.0), and dissolved in 50 mM phosphate buffer (pH 8.0) supplemented with 6 M guanidine hydrochloride. The fusion proteins were purified from these cell extracts using Ni 2ϩ chelate affinity chromatography (Qiagen, GmbH, Hilden, Germany) according to the manufacturer's instructions. The bound fusion proteins were eluted by slowly decreasing the pH from 8.0 to 4.5 with 50 mM phosphate buffer-300 mM NaCl-6 M guanidine hydrochloride. The polyhistidine-tailed fusion proteins were eluted at pH 5.0 and subsequently dialyzed against 50 mM phosphate buffer-300 mM NaCl, pH 8.0.
Production of antisera and immunological methods. Monospecific polyclonal antisera directed against the polyhistidine-tailed fusion protein (His 6 -OmpA) was obtained by immunization of mice with 330 g of the purified recombinant protein mixed 1:1 with complete Freund's adjuvant (Difco Laboratories, Detroit, Mich.) in a total volume of 200 l followed by a booster immunization 2 weeks later with 330 g of purified protein and incomplete Freund's adjuvant. The serum was collected 7 days after the second immunization. R. anatipestifer serotype 15 strain CVL110/89 was used to prepare killed antigen by heating bacteria at a concentration of 10 5 CFU/ml at 100°C for 1 h. Four 8-day-old ducklings were immunized subcutaneously with 1 ml of the killed antigen preparation. A second immunization with an equal volume of the antigen preparation was given 11 days after the first. Sera were collected from the ducklings 10 days after the second immunization and pooled. Purified recombinant protein and total cell preparations were mixed with an equal volume of SDS sample buffer (62.2 mM Tris-HCl [pH 6.8], 2% SDS, 5% ␤-mercaptoethanol, 10% glycerol, 0.005% bromophenol blue) and boiled for 10 min. Proteins were separated by electrophoresis on SDS-10% polyacrylamide gels, and immunoblot analysis was performed as described previously (3) . Mouse and duck sera were used at a dilution of 1:2,000. Bound antibodies were visualized on immunoblots by using phosphatase-labeled goat antibodies directed against mouse immunoglobulin G (IgG) and IgM (KPL cgcagccatATGGGTTAAAGAATTT  48  RAOMPAF1  GACTGGCAAACTTCAGTAGG  55  RAOMPAF2  TGGTCTTGGTATCCAAGGGG  55  RAOMPAF3  AATAACGGTTGCCCTTGGCC  55  RAOMPAF4  GCTGCTTTAGAAGCTAGAGG  55  RAOMPAR1  CAATGAAGCTGACGCTTGCC  55  RAOMPAR2  GCCCAGGAACTGTAGGACAC  55  RAOMPAR3  GTAGCTTCAGCAGAACCAAC  55  RAOMPAR4  CAACGAGCCATGCTTAGAGGC  55  PETHIS1-3Ј  CGTCTTCAAGCTCATGTTTG  55  T7  TAATACGACTCACTATAGGG  55  T3B-S  GCGCGCAATTAACCCTCACTAAAG 73 a Uppercase letters correspond to the nucleotides of the ompA sequence; lowercase letters specify nucleotides that were added to create restriction enzyme recognition sites for cloning. Primers pETHIS1-3Ј and T7 match the segments flanking the codons of the multiple cloning site in vector pETHIS-1 and were used for verifying the correct fusions of the genes cloned in pETHIS-1. b T m , annealing temperature. no. 0751806) or against duck IgG and IgM (KPL no. 052506) (Kirkegaard & Perry Inc., Gaithersburg, Md.). Ca 2؉ -binding assay. Proteins were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes as described above. The membranes were then soaked in calcium-binding buffer (60 mM KCl, 5 mM MgCl 2 and 10 mM imidazole hydrochloride, pH 7.2) for 10 min. Subsequently the membranes were incubated in binding buffer supplemented with 1.0 Ci of 45 Ca 2ϩ per ml (0.02 mCi of 45 CaCl 2ϩ per g; Amersham Corp.) for 20 min and then rinsed twice with deionized water for 5 min and dried at room temperature, and bound 45 Ca 2ϩ was visualized by autoradiography.
Nucleotide sequence accession numbers. The GenBank/EMBL DNA sequence accession number of the cloned 2.2-kb fragment of strain CVL110/89 containing the R. anatipestifer ompA gene and flanking gene segments is AF104936. That of ompA of the R. anatipestifer type strain ATCC 11845 is AF104937.
RESULTS
Cloning and sequence analysis of ompA. A gene library of R. anatipestifer serotype 15 strain CVL110/89 made in the bacteriophage ZAP Express cloning vector was screened with pooled convalescent-phase sera from ducks experimentally infected with an R. anatipestifer serotype 15 strain. A strongly immunoreactive clone was retained and converted to a plasmid designated pJFFRA6. This contained a partial open reading frame of 859 bp showing significant similarity to the gene for Bordetella avium outer membrane protein A (OmpA). We therefore designated the corresponding gene on plasmid pJFFRA6 ompA. A digoxigenin-labeled probe for the R. anatipestifer ompA gene segment was produced by PCR using plasmid pJFFRA6 DNA as template and the primers RA6OMPA-L and -R ( Table 2) , which were derived from the sequence of the cloned fragment of ompA. This probe was used to screen a plasmid vector-based gene library of HindIII-digested genomic DNA of R. anatipestifer serotype 15 strain 110/89 cloned into vector pBluescript II (SKϪ). Plasmid pJFFRaOmpA15, containing a 2.2-kb HindIII fragment, was retained for further analysis.
The DNA sequence of the insert in plasmid pJFFRaOmpA15 was determined on both strands and shown to contain the entire ompA gene plus flanking gene fragments, as shown schematically in Fig. 1 and in detail in Fig. 2 . The DNA sequence of the coding part of the ompA gene from R. anatipestifer type strain ATCC 11845 was established by PCR amplification of the DNA fragment containing ompA, using the oligonucleotide primers RAOMPAF1 and RAOMPAR4 (Table 2 ) and genomic DNA of strain ATCC 11845 followed by direct sequence determination of the amplified fragment with primers RAOM PAF1 and RAOMPAR4 and internal primers RAOMPAF2 to -4 and RAOMPAR2 to -4 ( Table 2) , which were deduced from the DNA sequence of ompA from strain CVL110/89. The nucleotide sequence of ompA of the type strain ATCC 11845 shows a total of 35 differences from that of strain CVL110/89. All differences are located in the 3Ј half of the gene and result in a total of seven amino acid changes.
The The first 1,320 bp of the DNA sequence of the insert in plasmid pJFFRaOmpA15 containing the entire ompA gene and its regulative sequences is shown. The nucleotides are numbered as deposited in the GenBank/EMBL database (accession number AF104936). The Ϫ10 and Ϫ35 promoter sequences and the ribosome binding site (RBS) are in italic. The start codon ATG is in boldface. The nucleotide sequences forming a stem-loop structure of a potential rho-independent transcription termination signal are indicated by two arrows above the DNA sequence. The amino acids forming an inside-to-outside transmembrane helix structure are underlined with a dashed line. The calcium-binding domains are shown in a gray box. The two PEST regions of OmpA are underlined, and the characteristic OmpA-like domain of 45 aa is underlined with a dotted line.
2). Upstream of the ribosome binding site, there is a canonical promoter sequence with a Ϫ10 box (TAATAT) (nt 57 to 62) and a Ϫ35 box (TTGACT) (nt 35 to 40) optimally spaced by 16 nt, which is characteristic of promoters recognized by E. coli 32 RNA polymerases (Fig. 2) . The short segment further upstream of the promoter region did not show any homology to known nucleotide or amino acid sequences in the databases. At the end of ompA there is a stem-loop structure (nt 1238 to 1257), representing a rho-independent transcription termination signal. Downstream of ompA, there is a partial open reading frame, ORFX (Fig. 1) , showing similarity to the 17-kDa Bacillus subtilis spore coat protein.
Analysis of the OmpA amino acid sequence deduced from the ompA gene sequences of strain CVL110/89 and strain ATCC 11845 revealed the presence of six EF-hand calciumbinding domains between aa 129 and 141 and two PEST regions (aa 139 to 164 and 166 to 187) ( Fig. 1 and 2) . The Nterminal region (aa 4 to 22) is highly hydrophobic, and aa 5 to 22 form an inside-to-outside transmembrane helix locating the N terminus of OmpA on the inside of the cell (Fig. 1 and 2) . The remaining part of the protein, in particular aa 125 to 229, is predominantly hydrophilic. The C-terminal part encompasses the OmpA-like domain, a stretch of 45 aa found in many outer membrane proteins of gram-negative bacteria. The OmpA proteins of serotype 15 strain CVL110/89 and type strain ATCC 11845 differ in only seven amino acids, which lie outside these characteristic structures and are located clustered between aa 228 and 255.
Comparison of the deduced amino acid sequence of the 42-kDa OmpA with the SwissProt data bank by using the National Center for Biotechnology Information BLASTX program revealed 38% identical amino acids with OmpA of B. avium (accession no. Q05146), 28% identical amino acids with OmpA of Serratia marcescens OmpA (accession no. P04845), 28% identical amino acids with OmpA of Enterobacter aerogenes (accession no. P09146), and 29% identical amino acids with the porin protein OprF of Pseudomonas aeruginosa (accession no. P13794). Alignment of these amino acid sequences with OmpA of R. anatipestifer revealed significant similarities in the C-terminal halves of the different OmpA proteins, which contain the OmpA-like domain, showing 33 to 37% identical and 47 to 59% similar (identical plus similar) amino acids. The N-terminal half of OmpA of R. anatipestifer showed no similarity to other proteins in the SwissProt and GenBank/EMBL databases.
Expression and purification of recombinant OmpA. To obtain purified recombinant R. anatipestifer OmpA antigen, the ompA gene was amplified in vitro with Taq-Pwo polymerase mix and oligonucleotide primers RAOMPAH1-L and RAOM PAH1-R (Table 2) , with genomic DNA of R. anatipestifer serotype 15 strain CVL110/89 as the template. The purified PCR product was digested with NdeI and BamHI and cloned into the expression vector pETHIS-1 in order to obtain plasmid pJFFOMPA, which resulted in an in-frame fusion of six histidine codons at the 5Ј end of ompA. A second plasmid, pJFFOMP13, was constructed analogously using primers RAOMPAH1-L and RAOMPAH1A-R in order to have the coding frame of ompA fused 5Ј terminally to 6 histidine codons and 3Ј terminally to 10 histidine codons. The cloned gene constructs in plasmids pJFFOMPA and pJFFOMP13 were verified by DNA sequence analysis. For expression of the polyhistidine-tailed ompA genes, the plasmids pJFFOMPA and pJFFOMP13 were transformed into E. coli BL21(DE3), and the fusion proteins His 6 -OmpA and His 6 -OmpA1His 10 , respectively, were purified from IPTG-induced cultures by Ni 2ϩ chelate chromatography. A second plasmid, pJFFOMP17, which is identical to pJFFOMP13 was constructed independently. Its gene product, His 6 -OmpA1His 10 , showed the same characteristics as that obtained from pJFFOMP13 throughout the study.
Immunoreactivity and Ca 2؉ binding of OmpA. Immunoreactions of total cell lysates of R. anatipestifer serotype 15 strain CVL110/89 and of purified recombinant His 6 -OmpA-1His 10 were studied on immunoblots using monospecific polyclonal anti-His 6 -OmpA hyperimmune serum and convalescent-phase sera from ducks infected with a R. anatipestifer serotype 15 strain (Fig. 3) . Immunoblots of total cell lysates of R. anatipestifer serotype 15 strain CVL110/89 revealed three bands of 55, 53, and 51 kDa reacting with serum directed against His 6 -OmpA. Recombinant His 6 -OmpA1His 10 protein revealed three bands with somewhat lower molecular masses of 46, 44, and 42 kDa when reacted with the same serum (Fig. 3A) . Immunoblots of total R. anatipestifer cell lysate which was reacted with convalescent-phase sera from ducks experimentally infected with R. anatipestifer serotype 15 revealed the same OmpA triplet of 55, 53, and 51 kDa, besides a few additional immunoreactive proteins (Fig. 3B ). This serum also reacted with recombinant His 6 -OmpA1His 10 , showing the characteristic triplet at 46, 44, and 42 kDa (Fig. 3B ), similar to polyclonal anti-OmpA antibodies. Sera from ducks that were immunized with total cell antigen of strain CVL110/89 gave the same results on immunoblots as convalescent-phase serum.
Ca 2ϩ -binding experiments with total antigens of R. anatipestifer showed a major band of 51 to 55 kDa corresponding to the OmpA triplet at 55, 53, and 51 kDa and three minor bands of 40, 32, and 30 kDa which bound 45 Ca 2ϩ (Fig. 3C ). Recombinant His 6 -OmpA1His 10 protein strongly bound 45 Ca 2ϩ , showing a band in the range of 42 to 46 kDa corresponding to the triplet of His 6 -OmpA1His 10 seen in the immunoblot (Fig. 3C) . The individual bands of the triplet which were seen on immunoblots could not be differentiated in these blots due to the lower separation capability of autoradiography.
Presence and expression of ompA in R. anatipestifer strains. PCR analysis using the primers RAOMPAH1-L and RAOM PAH1A-R (Table 2) showed the presence of 1,177-bp amplification products in all R. anatipestifer type and serotype ref- erence strains analyzed. However, restriction fragment length polymorphism analysis of the PCR products with the frequently cutting enzyme AluI indicated some heterogeneities in the ompA gene, showing three different profiles grouping the type strain ATCC11845 together with serotypes 1, 2, 3, 5, 7, and 17 in one group; serotypes 6, 13, 14, 16 , and 19 in a second group; and serotypes 9, 11, 15, and 18 in a third group. Analysis of the positions of the variable AluI restriction sites revealed that the differences are located in the 3Ј half of the ompA gene, corresponding to the domain where we detected the nucleotide differences between the ompA sequences of strains CVL110/89 and ATCC 11845.
In immunoblots of total cell lysates of the type strain and different serotype reference strains of R. anatipestifer, all reacted with anti-His 6 -OmpA polyclonal serum, showing the characteristic triplet bands at 55, 53, and 51 kDa ( Fig. 4) as was found for R. anatipestifer serotype 15 strain CVL110/89.
DISCUSSION
The outer membranes of gram-negative bacteria contain a limited number of major outer membrane proteins present in very high copy numbers (19) . Of these, outer membrane protein A (OmpA), which is found in many gram-negative bacteria and which was studied most extensively in E. coli, is necessary for maintenance of structural integrity of cell envelopes (39) . It is also involved in bacterial conjugation (36) , in bacterial attachment, as receptors for certain bacteriophages (12) , in colicin uptake (24) , and in porin activity (27) . OmpA is also known to stimulate a strong antibody response (30) . In the present study we have cloned, expressed, and characterized the ompA gene and its gene product, OmpA, from R. anatipestifer.
Nucleotide sequence analysis of the R. anatipestifer ompA gene revealed that it encodes a protein of 387 amino acids with a molecular mass of 42 kDa. The C-terminal half contains the characteristic OmpA-like domain, a stretch of 45 amino acids which shows high homology to outer membrane proteins of many gram-negative bacteria. The rest of the protein, especially the N-terminal amino acid sequence, shows no similarity to other outer membrane proteins. This is also characteristic of OmpA proteins. They are generally heterogeneous at their N-terminal parts. OmpA of R. anatipestifer showed highest similarity to OmpA of B. avium, the etiological agent of turkey bordetellosis, a highly contagious upper respiratory disease of turkeys (22) which is characterized by signs and symptoms similar to those caused by R. anatipestifer in ducks.
Immunoblots of total R. anatipestifer antigens revealed three distinct bands of 55, 53, and 50 kDa. This may be due to the protein being detected at different stages of processing as was reported for OmpA of E. coli and B. avium (16) , where multiple bands were identified. They are interpreted to represent (i) an OmpA precursor which contains the signal peptide and is located in the cytoplasm or is associated with the cytoplasmatic membrane (pro-OmpA), (ii) immature processed OmpA without the signal peptide that is found in the periplasm or attached to the inner face of the outer membrane (imp-OmpA), and (iii) mature OmpA (14) . The molecular masses of the protein bands of recombinant OmpA were approximately 10 kDa smaller and corresponded better to the calculated molecular mass of OmpA than those from R. anatipestifer endogenous OmpA. The difference in molecular masses could be due to further posttranslational modifications of OmpA in R. anatipestifer, such as additions of glycosaminoglycan chains, which seem not to occur when recombinant OmpA is expressed in E. coli.
The functional domains of OmpA of E. coli are well characterized and contains a transmembrane segment stretching from amino acid 1 to 177 (7, 9, 13, 25) . In contrast, OmpA of R. anatipestifer shows no analogous region at the N-terminal part but contains a short inside-to-outside transmembrane helix comprising 17 amino acids. The vast stretches of hydrophilic residues suggest that a large part of OmpA of R. anatipestifer is surface exposed, resulting in these areas being antigenic. This would explain its strong antigenic nature. The absence of alanine-proline-or proline-rich regions in OmpA of R. anatipestifer is remarkable, since such domains are found generally in OmpA of other bacterial species, where they separate the periplasmic domains from the transmembrane domains of the proteins (22) .
It is known that calcium-binding proteins play a central role in intracellular signal transduction pathways and are associated with a wide range of effects on disease production (38) . The finding of six EF-hand calcium-binding domains in OmpA of R. anatipestifer is notable, since other OmpA proteins do not contain such domains. They might be involved in the strong Ca 2ϩ -binding capacity, as shown experimentally for OmpA of R. anatipestifer. Adjacent to the calcium-binding domains are two PEST regions, which are peptide motifs that target proteins for destruction through a yet-unknown mechanism (32) . PEST sequences are found in key metabolic enzymes, transcription factors, protein kinases, protein phosphatases, and cyclins, and they are also abundant among proteins that give rise to immunogenic peptides presented on major histocompatibility complex class I molecules. It was postulated that rapidly degraded proteins are more likely to generate immunogenic peptides (31) . This would support our finding that OmpA is highly immunogenic in infected ducks. While PEST sequences are often present as carboxy-terminal extensions of FIG. 4 . Expression of OmpA by the different R. anatipestifer serotypes. Immunoblots of total cell lysates of the R. anatipestifer type strain and the different serotype reference strains reacted with monospecific polyclonal anti-OmpA-His 6 mouse serum are shown. The numbers indicate the serotype (Table 1 ) a, strain CCUG 25055 890822; b, strain DRL 28020. C, purified recombinant His 6 -OmpA1His 10 used as a control; st, prestained broad-range protein markers (New England Biolabs). Molecular masses of the protein markers are given in kilodaltons.
proteins (31) , they are located in the middle of the OmpA of R. anatipestifer. The presence of two PEST regions adjacent to the EF-hand calcium-binding domains is a good indication that a protein is a preferred calpain substrate (31, 42) .
PCR analysis of genomic DNA of the type strain of R. anatipestifer and serotype reference strains and subsequent restriction analysis of the amplified DNA segments show that the ompA gene is common to the species but shows a certain degree of variation among the different serotypes. The variable regions were found at the 3Ј end of ompA, downstream of the segment encoding the 45-aa OmpA domain. This part generally shows the highest divergence of the core ompA sequence. The 5Ј ends of ompA genes often show totally different structures among different bacterial species but are relatively conserved within a given species. It has to be noted that different serotypes of R. anatipestifer also show variations in their rrs genes, as was described previously (40) .
In conclusion, the immunogenic outer membrane protein OmpA is common to different serotypes of R. anatipestifer. Its gene, ompA, shows minor intraspecies variations in its 3Ј half which are predominantly silent mutations not affecting the phenotype. The presence of calcium-binding domains and PEST regions and the absence of proline-rich regions suggest that OmpA may have roles in addition to and different from those commonly associated with outer membrane proteins. The Nterminal part of OmpA does not show homology to any protein in the databases. The high immunoreactivity of this protein makes OmpA an interesting candidate for development of specific serological diagnostic tools to detect R. anatipestifer infections of all serotypes. In addition, it might be considered as an antigen for designing new vaccines against contagious septicemia anserum exudativa of ducklings.
